Biocompatible magnetic nanosensors based on reversible self-assembly of dispersed magnetic nanoparticles into stable nanoassemblies have been used as effective magnetic relaxation switches (MRSw) for the detection of molecular interactions. We report, for the first time, the design of MRSw based on aptamer-conjugated magnetic nanoparticles (ACMNPs). The ACMNPs capitalize on the ability of aptamers to specifically bind target cancer cells, as well as the large surface area of MNPs to accommodate multiple aptamer binding events. The ACMNPs can detect as few as 10 cancer cells in 250 μL of sample. The ACMNPs' specificity and sensitivity are also demonstrated by detection in cell mixtures and complex biological media, including fetal bovine serum (FBS), human plasma, and whole blood. Furthermore, by using an array of ACMNPs, various cell types can be differentiated through pattern recognition, thus creating a cellular molecular profile which will allow clinicians to accurately identify cancer cells at the molecular and single cell level.
Many nanomaterials have been utilized for constructing biosensors based on their optical signals. However, most of them, such as quantum dots, dye-doped silica nanoparticles, or gold nanoparticles, suffer severe background interference from scattering, absorption or auto-fluorescence of samples, especially in complex biological media, greatly diminishing their detection capability. In contrast, most biological samples exhibit virtually no magnetic background, and the use of magnetic nanoparticle (MNPs) can thus lead to ultra-sensitive detection. Previously, we have described aptamer-conjugated nanoparticles (ACMNPs) for the collection of cancer cells, followed by the detection using aptamerconjugated fluorescent nanoparticles (ACFNPs). [7] [8] This methodology provides high selectivity and sensitivity, as well as ability for multiplexed detection. However, two steps of extraction and detection were required. Although magnetic relaxation measurements have been reported for biological target detection, to the best of our knowledge, this is the first time of using ACMNPs for sensitive cancer cell detection, as well as comprehensive cancer cell profiling. Using these ACMNPs, as few as 10 cancer cells were detected in 250 μL sample in buffer with excellent selectivity. The sensitivity and selectivity of the system were well preserved in various complex biological media, including fetal bovine serum (FBS), human plasma, and whole blood. In addition, when an array of ACMNPs was used, different cell types could be discriminated through pattern recognition based on their expression level of membrane receptors. All these merits, together with the simple operation of widely used magnetic relaxation instrument, will make the ACMNP-based nanosensors useful tools for early diagnosis and effective screening of cancer.
RESULTS AND DISCUSSION
The detection mechanism of ACMNPs in solution is based on the change of spin-spin relaxation time (ΔT 2 ) of the surrounding water protons. When multiple ACMNPs bind to their target cells through the specific interaction between receptors on the cell membrane and aptamers on the nanoparticle surface, they act cooperatively to form clusters (Figure 1a ), thereby inducing coupling of magnetic spin moment, and thus generating strong local magnetic fields. [9] [10] [11] Such strong local magnetic fields lead to inhomogeneities that accelerate the spin-dephasing of the surrounding water protons, resulting in a decreased T 2 . According to the literature, [12] [13] [14] MNPs are known to enhance the magnetic resonance signal of protons from surrounding water molecules. Under these circumstances, aggregation is detected by ΔT 2 , corresponding to the binding event between ligand-conjugated MNPs and target molecules. This phenomenon based on a self-amplifying proximity assay has led to the development of magnetic relaxation switches (MRSw) for the detection of small molecules, DNA/RNA, proteins/enzymes, and bacteria/viruses. [15] [16] [17] [18] [19] Based on previous studies, some cancer biomarkers are not restricted to a certain cell line; rather, they are present in/on different cell lines or at different developmental stages of cancer. 20 For example, human protein tyrosine kinase-7 (PTK-7) is expressed on both CCRF-CEM (human leukemia) and Hela (cervical cancer) cells. 21 Therefore, various cell lines at different physiological stages of cancer may show binding towards the same ligand, however, with different affinities, depending on their level of biomarker expression. A reliable method able to analyze various cancer cells can lead to the development of a cancer cell profile and thus better understanding of cancer pathogenesis and the potential efficacy of new therapeutic modalities. By using an array of ACMNPs, various cell types can be differentiated through pattern recognition (Figure 1b) . A cell with the most abundant target receptors generates the largest ΔT 2 , followed by B cell with the medium number of receptors, and then C cell with the least number of receptors. A distinct pattern of responses generated from a set of ACMNPs would further provide a cellular profile allowing clinicians to accurately classify and identify cancer cells at the molecular level.
The magnetic nanosensor was prepared by conjugating streptavidin-coated iron oxide nanoparticles with biotin-labeled aptamers. Based on the role of MNPs valency on MRSw detection which was studied by Koh and coworkers 22 , the results demonstrated that the more multivalent MNPs results in higher sensitivity of target detection. Consequently, excess amount of biotin-labeled aptamer was used for the conjugation. The strepavidin-coated MNPs have an average hydrodynamic diameter (d) of about 30 nm and a zeta potential (ζ) of −32.4 ± 3.7 mV. Since aptamers are polyanions, the successful conjugation of aptamers on the MNPs was confirmed by the increase of negative charge on the particle's surface: a zeta potential of −41.8 ± 2.6 mV was obtained for ACMNPs. The large surface area of MNPs allows the attachment of multiple aptamers that result in simultaneous multiple interactions between ACMNPs and receptors on the cell's surface. The stability of the ACMNPs is excellent. No obvious aggregation and precipitation was observed even after several-month storage at 4 °C.
Although ACMNPs have been previously used for cancer cell separation, 7, 8 it is still necessary to confirm that the aptamers remain viable in terms of their ability to specifically recognize their targets after conjugation. Two different cell lines, CCRF-CEM cells and Ramos cell, were chosen for the demonstration. For CCRF-CEM cells, fluorescein amidite (FAM)-labeled sgc8c-ACMNPs were used as a target and TDO5-ACMNPs were used as a control. Whereas for Ramos cells, TDO5-ACMNPs were used as a target and sgc8c-ACMNPs were used as a control. Sgc8c aptamer can specifically bind to PTK 7 receptors, which is highly expressed on CCRF-CEM cells, instead of Ramos cells. 23, 24 TDO5 aptamer can selectively bind to IgG receptors, which is largely abundant on Ramos cells, rather than CCRFCEM cells. 25, 26 Since our aptamers were labeled with fluorescent molecule-FAM, fluorescence confocal microscopy was used to validate the target specificity of the aptamer conjugates. The binding between sgc8c-ACMNPs and CCRF-CEM cells was demonstrated by a bright fluorescence signal. However, the control TDO5-ACMNPs showed only minimal fluorescence signal (Figure 2a ). Similar specificity was achieved between TDO5-ACMNPs and Ramos cells: a much brighter image was obtained for the target when compared to the control (Figure 2c ). These observations proved that the ACMNPs preserved the excellent biological recognition of aptamers to their targets.
After using the fluorescence technique to demonstrate the specificity of ACMNPs to their target cells, the use of the magnetic nanosensor to detect cancer cells was investigated. The first assay was performed to detect CCRF-CEM cells in phosphate buffered saline (PBS). When sgc8c-ACMNPs were mixed with CCRF-CEM cells, a decrease of T 2 was observed. To confirm that the change of T2 resulted from specific aptamer-mediated interaction but not nonspecific aggregation of MNPs, TDO5-ACMNPs were also incubated with CCRF-CEM cells as a control, followed by the relaxation time measurements. To determine the binding, the percentage change of T 2 (%ΔT 2 ) was defined as follows:
where T 2sample is the average T 2 relaxation time of ACMNPs in the presence of target cells and T 2nonspiked is the average T 2 relaxation time of ACMNPs in the absence of target cells. The results showed that 10μg/mL was the optimal concentration for the detection of target cells (Figure 3a) , since lower concentrations generated significant errors in measurement, while higher concentrations limited the detection threshold. Figure 3b shows a wide dynamic range of detection and excellent correlation between the number of target cells and %ΔT 2 using sgc8c-ACMNPs, whereas the %ΔT 2 of the control had no significant change. In addition, fewer than 10 target cells in 250 μL of PBS could be detected without any amplification method. The detection of Ramos cells was also demonstrated using their corresponding aptamer conjugates, TDO5-ACMNPs. The incubation of Ramos cells with TDO5-ACMNPs led to proportional changes of ΔT 2 with increasing number of cells, while the mixture of Ramos cells and sgc8c-ACMNPs as a control produced only small ΔT 2 changes (Supporting information, Figure S1 ). These results agreed with our fluorescence assays, as described above, and confirmed the specific recognition of ACMNPs, making this a viable and practical technique for the sensitive detection of cancer cells.
The detection of mixtures of targets and non-targets (CCRF-CEM and Ramos cells, respectively) with different ratios was also demonstrated. One hundred CCRF-CEM cells were mixed with non-target Ramos cells at different ratios: 1:1, 1:2, 1:5, 1:10, 1:50, and 1:100, respectively. Sgc8c-ACMNPs were used to detect the target cells, and random sequenced-DNA conjugated with MNPs was used as a negative control. The results in Figure 3c showed that the target CCRF-CEM cells could be detected in mixtures of CCRF-CEM and Ramos cells with %ΔT 2 similar to those observed in the presence of target CCRF-CEM cells only. For a large number of non-target cells, which may hinder the binding between the ACMNPs and their targets, a slight decrease of %ΔT 2 due to non-specific interactions was observed. However, the detection in mixtures in which the ratio between target and non-target cells was as small as 1:100 was achieved.
To further assess the potential of this technique, detection in FBS, human plasma, and whole blood samples was also performed. These assays were meant to mimic real clinical samples, which normally contain thousands of different species. The detection and quantification of CCRF-CEM cells in FBS was demonstrated by incubating CCRF-CEM-spiked FBS with sgc8c-ACMNPs. The %ΔT 2 was also proportional to the number of target cells, while the control showed only negligible changes (Figure 4a ). It is important to note that this nanosensor can detect as few as 10 cells in 250 μL of FBS, which is much lower than the detection limits of conventional fluorescence-or colorimetric-based methods that can detect in the range of thousands cells. 27, 28 Although the detection of a few target cells has been demonstrated by the chip-based Diagnostic Magnetic Resonance (DMR) system, 29 our nanosensor requires no microfabrication, and the washing step is eliminated resulting in the simplicity and minimal detection time. Similarly, CCRF-CEM-spiked human plasma or whole blood was incubated with sgc8c-ACMNPs, followed by T 2 measurement. The results revealed that the detection and quantification of target cells can also be achieved in both human plasma and whole blood (Supporting information, Figure S2 ). Nonspecific interactions in complex media containing thousands of proteins caused unwanted aggregates of ACMNPs on the cells' surfaces producing lower relaxation times in both T 2sample and T 2nonspiked . The low T 2nonspiked value generated a higher background, resulting in a smaller %ΔT 2 for detection in complex media compared to detection in buffer with the same concentration of target cells. Nonetheless, we were able to detect as few as 100 target cells in all biological complex media (Figure 4b ). This result shows promise for detection in complex biological matrices. Successful detection of target cells in cell mixtures, FBS, human plasma, and whole blood indicates that this method can be used for cellular detection in real clinical applications.
With the successful detection of target cancer cells with high specificity and sensitivity, the use of ACMNPs to monitor the interactions between different ACMNPs and multiple cell lines was investigated. By using an array of ACMNPs combined with the use of the MRSw technique, as described above, recognition patterns were generated resulting in the differentiation of various cell types and, in turn, a cancer cell profile that could be utilized to identify and classify cancer cells more precisely than might otherwise be achieved by a single specific probe.
The target cells were chosen to represent a variety of cancer cell types: a normal lung cell line and six types of representative cancer cells, as listed in Table 1 . One thousand cells of each cell line were spiked in PBS and incubated with each ACMNP individually, followed by a T 2 relaxation time measurement similar to that of the previous assays. The six cancer cell lines showed a large variation in T 2 reductions upon mixing with different ACMNPs ( Figure 5 ). The variation of %ΔT 2 upon the incubation of multiple cell types with different ACMNPs can be explained by the different affinities of the aptamers to their target and nontarget cells. The aptamers, which have high affinity to their targets, induced ACMNPs to agglomerate on the cells' surface producing large %ΔT 2 , while the non-target cells showed no significant difference in T 2 . Based on the MR response, sgc8c-ACMNPs not only showed strong binding with their target, CCRF-CEM, but also with the DLD1 and HCT116 cell lines. It was previously described that the target of sgc8c, PTK7, is also expressed in colorectal cancers. 20 As expected, the binding of sgc8c to both colorectal cancer cell lines was observed. Similarly, KCHA10 aptamer was found to interact with most colorectal cell lines, 30 resulting in the recognition of KCHA10-ACMNPs to both HCT116 and DLD1. The other aptamers, KDED2-3, TD05, T2-KK1B10, and TSL11a, which have recognition to single cell types only, demonstrated strong specificity to their targets. Significantly, none of ACMNPs had any interaction with the normal cell line, indicating that targets of these aptamers are related only to cancer. This result also confirmed that the binding was based on the interaction of aptamer-cell surface receptors and excluded nonspecific interactions.
Furthermore, the comprehensive information about the expression of specific receptors can be determined based on the MR response. For example, sgc8c aptamer shows diverse %ΔT 2 on CCRFCEM, DLD1, and HCT116 cell lines due to the different expression level of PTK7 receptor on their surface. 20, 24, 30 A comparative study about the expression of target receptors between malignant and host cells among three sets of data obtained from MR response, fluorescence microscope, and flow cytometry was also demonstrated by Lee and coworkers. 34 The results shows that the MRSw was superior to fluorescence techniques due to shorter incubation times and higher specificity in unpurified native samples.
With the capability of our given system to quantify small amount of target cells in various media, as described above, the pattern of recognition could also be achieved in more complicated condition such as in biological media or less amount of cells with similar manner. As demonstrated by El-Boubbou and coworkers, a molecular signature of different cell lines based on MR response was generated using an array of magnetic glycolnanoparticles. 35 By reducing amount of target cells, %ΔT 2 was decreased, however, similar pattern of MR response was still achieved from each cell type. Compared to other techniques, for example, flow cytometry (requiring ~ 10 5 cells), 34 and western blot analysis (requiring ~ 10 7 cells), 34 the change of relaxation times from MRSw technique shows good agreement with conventional methods by requiring less amount of cells. Without any complexity of instrumental setting, MRSw also offers the advantages of simplicity, minimal detection time, and robustness under different sample conditions, however, still provides low detection limits. With such capabilities, the combination of ACMNPs and MRSw technique could be further used for point of care detection, especially the analysis of clinical specimens, which normally contain both diseased and normal cells. Furthermore, the ability to profile cancer cells could be potentially utilized to monitor metastases or malignancy progression.
CONCLUSIONS
In summary, we have developed a rapid and sensitive nanosensor for the detection of cancer cells, as well as a method of profiling cancer cells based on MRSw. The ACMNPs were found to maintain their biological recognition and provide a multivalent effect, resulting in strong interaction with their target cells. Significantly, high sensitivity and specificity could be achieved by this nanosensor for the sample assays in complex biological systems, including serum, plasma, and whole blood. An array of ACMNPs was utilized to generate a distinct pattern recognition for multiple types of cancer cells. The nanosensor allowed not only the identification of cancer cells but also the differentiation between cancerous and normal cells. Notably, the reported technique does not require the use of complicated instruments, needing only a magnetic relaxation instrument with easy operation, making it widely accessible. In summary, the ACMNPs-based nanosensor holds great promise as a useful tool for reliable and sensitive detection, as well as cancer screening for clinical use.
MATERIALS AND METHODS

Synthesis of DNA aptamers
The aptamers with strong affinities toward their intact tumor cells were selected by cell-SELEX and were chosen as demonstrated in Table 1 . All aptamers were synthesized using standard phosphoramidite chemistry with an ABI3400 DNA/RNA synthesizer (Applied Biosystems, CA). Biotin controlled pore glass (CPG) from Glen Research was used for the synthesis. After the synthesis, the aptamers were deprotected in concentrated AMA (1:1 mixture of ammonium hydroxide and aqueous methylamine) solution at 65°C for 30 min prior to further purification with reversed phase high-pressure liquid chromatography (RP-HPLC) on a ProStar HPLC Station (Varian, CA) equipped with fluorescence and photodiode array detectors using a C-18 column (Econosil, C18, 5 μM, 250 × 4.6 mm) from Alltech (Deerfield, IL). The eluent was 100mM triethylamine-acetic acid buffer (TEAA, pH 7.5) and acetonitrile (0-30min, 10-100%). The collected DNA products were dried and detritylated with acetic acid. The detritylated aptamers were precipitated with ethanol and dried with a vacuum drier. The purified aptamers were then dissolved in DNA-grade water and quantified by determining the UV absorption at 260 nm using a UV-Vis spectrometer (Cary Bio-300, Varian, CA).
Aptamer-nanoparticle conjugation
In order to prepare aptamer-conjugated magnetic nanoparticles (ACMNPs), 30 nm streptavidin-coated iron oxide nanoparticles (Ocean Nanotech) were dispersed at 0.1 mg/mL in 100mM phosphate-buffered saline (PBS), pH 7.4. An excess amount of biotin-labeled aptamer was then added to the streptavidin-coated MNPs solution. The mixture was vortexed at room temperature for 1 h, followed by three washings with PBS buffer using centrifugation at 14000 rpm to remove any aptamers that did not conjugate to the MNPs. Zeta potential measurements were performed using a Brookhaven ZetaPlus at 25°C to determine the successful conjugation of aptamers on the MNPs' surface. The ACMNPs were dispersed in PBS and stored at 4°C at a concentration of 0.1 mg/mL.
Cells and culture conditions
The cell lines listed in Table 1 were obtained from the American Type Culture Collection (ATCC). CCRF-CEM, Ramos, and DLD1 cells were cultured in RPMI 1640 medium (ATCC). K562 cells were maintained in culture with IMDM (ATCC). HCT116 cells were grown with McCoy's 5A (ATCC), and LH86 cells were maintained in culture with DMEM (ATCC). All media for cancer cells were supplemented with 10% heat-inactivated FBS and 100 U/mL penicillin-streptomycin. HBE135-E6E7, Normal Bronchial lung cell line, was maintained in Keratin Serum Free Medium supplemented with 5 ng/mL human recombinant Epidermal Growth Factor (EGF), 0.05mg/mL bovine pituitary extract (Invitrogen), 0.005 mg/mL insulin and 500 ng/mL hydrocortisone. All cultured cells were grown in a humidified incubator at 37°C under a 5% CO 2 atmosphere. In order to obtain single-cell suspensions for the binding studies of adherent cells, cells were cultured overnight in low density and treated with non-enzymatic cell dissociation solution (MP Biomedicals) for 5 min. Cells were aspirated several times, and the single cells were pelleted and washed twice before use in the binding assays. Cell suspensions were centrifuged at 1000 rpm for 5 min, and the pellet was resuspended in 2 mL washing buffer. Ten microliter aliquots of the cell suspension were mixed with 10 μL trypan blue solution. Cell quantification was performed using a hemacytometer (Hausser Scientific) and a microscope (Olympus). After determining the cell concentration, serial dilution of cells was prepared in PBS, FBS, plasma, or whole blood and used immediately after preparation.
Determination of conjugated nanoparticle-cell specific targeting
To demonstrate specific targeting, CCRF-CEM cells with their corresponding aptamer and fluorescein (FAM)-labeled sgc8c were used, and FAM-labeled TDO5 was selected as a negative control. The sgc8c-ACMNPs were incubated with approximately one million CCRF-CEM cells with the final concentration of 30 μg Fe/mL at 4°C for 20 min in PBS. Similarly, TDO5-ACMNPs were also incubated with CCRF-CEM cells as a negative control. After incubation, the cells were washed twice to remove unbound ACMNPs and resuspended in PBS. The binding of aptamer-conjugated nanoparticles with target cells was investigated using a laser scanning confocal microscope setup consisting of an Olympus IX-81 inverted microscope with an Olympus Fluoview 500 confocal scanning system and a HeNe laser with a photomultiplier tube (PMT) for detection. The cellular images were taken with a 20x objective. The ACMNPs were excited at 488 nm (λ ex for FAM), and the emission was detected with a 505-525 nm band-pass filter.
Sample assays using spin-spin relaxation time measurement
To determine the specificity and sensitivity of the detection, 50 μL aliquots of CCRF-CEM cell suspensions with different numbers of cells (1 to 10 6 cells) were incubated with 200 μL of sgc8c-ACMNPs solution in PBS ([Fe] = 10 μg/mL) at 4°C for 40 min at a final volume of 250 μL. Similarly, as a negative control, TDO5-ACMNPs were also incubated with the cells. The spin-spin relaxation times (T 2 ) were measured at 1.5 T by an mq60 NMR analyzer (Minispec, Bruker, Germany) operating at 37°C without a washing step. In order to mimic real clinical samples, which normally contain thousands of different species, similar experiments were also performed in FBS, plasma and whole blood from Innovative Research. To generate the profiling of cancer cells, all cell types listed in Table 1 were dispersed in PBS, such that each sample would contain only one cell type and approximately 1000 cells. Each type of ACMNPs was incubated with each cell sample individually using the same conditions mentioned above, followed by the spin-spin relaxation time measurement.
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